Human calcium transporting tissues were examined to determine whether they contained a protein similar to the Ca++-Mg++ adenosine triphosphatase (Ca++-Mg++ATPase) pump of the human erythrocyte membrane. Tissues were processed for immunoperoxidase staining using monoclonal antibodies against purified Ca++-Mg++ATPase. In human kidneys, specific staining was found only along the basolateral membrane of the distal convoluted tubules. Glomeruli and other segments of the nephron did not stain. Staining of erythrocytes in human spleen was readily observed. Human small intestine, human parathyroid, and human liver showed no antigens that crossreacted with the antibodies to Ca++-Mg++ATPase. Specific staining of distal tubule basolateral membranes from the kidney of a chimpanzee was also noted. Our experiments show, for the first time, that basolateral membranes of the human distal convoluted tubule contain a protein that is immunologically similar to the human erythrocyte Ca++-Mg++ATPase. These observations suggest that the cells of the distal convoluted tubules of human kidney may have a calcium pump similar to that of human erythrocyte membranes.
Introduction
Calcium-pumping ATPases of cell plasma membranes are essential elements in the control of intracellular calcium (1, 2) ; these calcium (Ca++) pumps bind strongly to calmodulin in a number of cell types (2) . The calmodulin binding properties of these enzymes have been used to construct calmodulin-Sepharose columns for the purification of such Ca' ATPases. Calmodulin-sensitive Ca++-Mg++ATPases have been purified and studied from human erythrocytes (3), rabbit skeletal muscle (4) , pig smooth muscle (5) , dog heart (6), and rat brain (7) . All of these enzymes form a labile phosphorylated intermediate, show an apparent molecular weight of -140,000, and show an increase in the rate of Ca++ transport in the presence of calmodulin.
A plasma membrane Ca' pump has not yet been purified from the kidney; the nature and nephron segment distribution of such a pump has not been studied systematically. No information is available on the nature of such pumps in human kidney. In basolateral membranes from pig kidney cortex, a protein of M, = 135,000 shows the type of labile phosphorylated intermediate that is typical of plasma membrane Ca"+ pumps. In these membranes, calmodulin also binds to a protein of the same apparent size, suggesting the presence of a calmodulin-responsive enzyme (8) . A calmodulin-dependent Ca++-Mg++ATPase of apparent molecular weight of 142,000 has also been characterized within the kidney tubular basement membrane of rats (9) . While these studies describe a Ca++-ATPase in basolateral membranes of kidney tubules, they do not demonstrate the segmental distribution of this enzyme nor do they precisely identify the cellular site of such an enzyme.
Transcellular Ca"+ transport is carried out by the cells of both the proximal and distal convoluted tubules of the kidney (10) . In both cases, the direction of transport is from the luminal toward the basolateral (serosal) side of the cells. Although the proximal and distal tubules both transport Ca"+ in the same direction, there are important differences in the character of Call transport in these nephron segments.
First, there is co-transport ofCa"+ and Na' in the proximal tubule, while Na' and Ca"+ transport can be uncoupled in the distal tubule (1 1). The exact mechanisms whereby sodium and calcium transport are coupled in the proximal tubule are not clear. A paracellular route for proximal calcium transepithelial reabsorption and/or a basolateral Ca`+-Na' exchange mechanism may both play a role in this process (10) .
The second major difference between Ca"+ transport in the proximal and distal tubules is the manner in which they are regulated. Ca"+ reabsorption in the proximal tubule is inhibited by parathyroid hormone (12, 13) . This hormone and cyclic AMP have been shown to stimulate distal tubule Ca"+ absorption and decrease Ca"+ urinary excretion in rats (14) and rabbits (15) . Studies by Law and Heath (16) have shown that at physiological doses, in vivo administration of parathyroid hormone decreases urinary calcium excretion in man.
A third difference between proximal and distal tubules is that the distal tubule has been shown in dogs to be the site of altered calcium transport in states of metabolic acidosis and alkalosis (17) . In renal disorders involving predominantly the distal tubule, defects in urinary calcium excretion as well as urinary acid excretion have frequently been described (18) (19) (20) (21) .
A fourth important difference between the proximal and distal tubules is in the concentration and electrical gradients that exist between the lumen and extracellular fluid for each.
Micropuncture studies in dog kidney have demonstrated only a small electrical potential across proximal tubule cells, while a proximal tubule is also much closer to that of the extracellular fluid than is the distal tubule luminal Call concentration (23, 24 (25, 26) . This protein is present in the distal convoluted tubule but not in the proximal tubule (24) . We have recently shown that a 28-kD vitamin D-dependent Ca"+ binding protein resembles other calcium-sensitive proteins, such as calmodulin in its biophysical properties; calmodulin is a major regulator of Ca++-Mg++ATPase activity (27) .
Thus, it is apparent that important differences exist between Ca++ transport in the proximal and distal convoluted tubules. Despite these differences only one study to date has examined plasma membrane Ca++-ATPases from different portions of the nephron (28) . This study, by Doucet and Katz, measured ATPase activity in the proximal and distal tubules of the rabbit kidney. The authors found that Ca`+ ATPase activity was highest in the distal tubule.
There is no information concerning the distribution or nature of Ca++-Mg++ATPases in the human kidney. In the present report, we show that monoclonal antibodies to the human erythrocyte plasma membrane Ca++-Mg'+ATPase pump crossreact with a protein or substance within the basolateral portion of the distal convoluted tubule cells of the human kidney, but not with substances in other nephron segments. The physiological relevance of this observation lies in the implication that this distal tubular Ca++-ATPase might represent a calcium pump within the human kidney, where hormone-regulated calcium movement out ofthe cell and into the extracellular fluid is known to occur. These studies also provide strong evidence for this Ca"+ pump being similar to the Ca`+ pump of human erythrocyte plasma membranes.
Methods

Purification ofCa++-Mg++ATPase
Ca++-Mg'+ATPase was purified from erythrocyte ghosts using calmodulin-affinity chromatography as previously described (29) .
Preparation ofmonoclonal antibodies
Immunization. 8-10-wk-old male BALB/c mice (Jackson Laboratory, Bar Harbor, ME) were immunized with 100 gg of purified human erythrocyte Ca++-Mg++ATPase in complete Freund's adjuvant. 4 wk after the primary immunization, sera from the mice were tested for the presence of antibody by an enzyme-linked immunosorbent assay (ELISA) described below. Animals with high serum antibody titers received another 50,ug ofantigen intraperitoneally. The cells were exposed to PEG for 2 min and then 0.2 ml ofserum-free medium was added four times every I min over the next 4 min, after which 5 ml of serum-free medium was added. All the solutions were prewarmed to 370C and maintained at that temperature during fusion. After fusion, cells were recentrifuged at 900 g for 3 min. Cells were dispensed into 96-well microculture plates containing a macrophage feeder layer, and the medium was changed every 3 d with HAT medium (RPMI 1640 medium supplemented with 10-4 M hypoxanthine, 4 X 10-7 M aminopterin, 1.6 X l0-5 thymidine, 10% heat-inactivated fetal calfserum, 4.5 g/ml glucose, 2 mM L-glutamine, 10% NCTC-135, 10 mM sodium selenite, and 50 Mg/ml gentamicin). 
Preparation of western blot
Electrophoresis of purified Ca++-Mg++ATPase. Sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis was performed on 7.5% gels as described by Laemmli (33) . Pyronin Y was used as the tracking dye as this was found to bind to nitrocellulose paper better than bromophenol blue after electrophoretic transfer. Electrophoretic transfer. Proteins were transferred to nitrocellulose as described by Towbin et al. (34) .
Binding ofantibody to nitrocellulose immobilized proteins. Immediately after the transfer, the nitrocellulose paper was immersed in a Tris buffer saline solution containing 5% bovine serum albumin. The paper was then treated with appropriate antibodies by the method of Burnette (35) . Binding was assessed by the detection ofa colored prod- 
Protein determinations
The method of Lowry et al. (37) as modified by Bensadoun and Weinstein (38) was used to determine protein concentrations in all samples. Bovine serum albumin was the standard used for these determinations.
Tissue selection
Human tissues obtained from surgery and autopsy were fixed immediately in 10% formalin overnight. Tissue blocks were selected from autopsy specimens where the time between death and autopsy was < 6 h. All animal specimens were fixed immediately after killing.
Samples from six human intestine, thirteen human kidney, three human parathyroid, seven human spleen, and four human liver tissues were processed for study. In addition, intestine, kidney, spleen, and liver from a 200-g male Sprague-Dawley rat, as well as kidney from a 5-kg male pig-tail macaque monkey, a 10-kg male dog, and a 56-kg male chimpanzee, were also processed.
Immunohistochemistry
Tissues for localization studies were processed using the avidin-biotin procedure of Hsu et al. (39) . All tissue was fixed in a 10% phosphatebuffered formalin solution and dehydrated in a graded series ofethanol and xylene washes before embedding in paraffin. 5-pm sections were placed on glass slides. The tissues were heat fixed to the slides at 550C for 2 h and deparaffinized in D-limonene (Sigma Chemical Co.) for 5 min. The tissue sections are rehydrated with two washes with 100% ethanol, followed by 95% ethanol, and two washes of phosphate-buffered saline, pH 7.4 (PBS), for 3 min each. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide for 5 min. Nonspecific antibody binding was blocked by exposure of the section to a 1:75 dilution of normal horse serum for 20 min (Vector Laboratories, Inc., Burlingame, CA). The sections were then incubated for 30 min in a humid chamber with a 1:500 dilution ofmouse ascites fluid containing monoclonal antibodies to human erythrocyte Ca++-Mg++ATPase. Tissues (Fig. 1) . The major band at 138 kD represents the monomer ofthe erythrocyte Ca"' pump (29) . The strong staining of this band by all three antibodies clearly demonstrates that they are directed against the Ca"+ pump. These Western blots were done using the purified Ca"+ pump, and were somewhat overloaded, disclosing three minor bands which also crossreacted with the monoclonal antibodies. The crossreaction of these bands confirms our long-standing observation that they also represent forms of the Call pump. In the case of the band migrating immediately above the monomer (at The interaction of the antibodies with purified enzyme is further shown in the ELISA titration (Fig. 2) . All of the antibodies showed strong color development, with JA8 and JA9 showing the highest affinity for the enzyme; both of them developed half the maximum color at - well contained 0.1 tg of purified human erythrocyte Ca++-pumping ATPase.
The effect of three of the monoclonal antibodies on Ca+-Mg++ATPase activity was also tested (Table I) . 1 ,tg ofpurified Ca++-Mg++ATPase protein was present in each assay. While calmodulin was found to produce a two-to four-fold increase in ATPase activity, amounts of antibody comparable to the amount of Ca++-Mg++ATPase present had only minor effects on the activity. No inhibitory effect was seen by any of the three antibodies tested. High concentrations of the antibodies JA3 and JA8 produced a two-to threefold stimulation of Ca++-Mg++ATPase activity when compared with controls in the presence or absence of calmodulin. Antibody JA10 had only a relatively small effect.
Five monoclonal antibodies to erythrocyte Ca++-Mg++ATPase were tested for tissue immunoreactivity. Table II summarizes the data on all human and animal specimens tested. Of the five antibodies tested, only the two designated JA3 and JA8 were found to crossreact with tissues. In all cases, the staining specificity and intensity were found to be identical for both antibodies. With the exception of chimpanzee distal tubule, no staining of nonhuman tissue was observed with any antibody tested. Specificity of staining was established by comparing antibody-treated sections and sections treated with antibody-negative ascites fluid. Intensity of staining was evaluated on a + scale, where positive staining ofthe greatest intensity was designated ++++ and the weakest positive staining was designated +. No staining was designated -.
In the kidney, specific staining ++ to ++++ was found along the basolateral membrane of the cells of the distal convoluted tubule (see Fig. 3 , a-f). No staining was found in other segments of the nephron. Fig. 3 , g and h, demonstrates kidney tissue that was double stained by the PAS technique and the immunoperoxidase technique for Ca++-Mg++ATPase. The PAS technique specifically stains carbohydrates and basement membranes. In the kidney, the dense brush border found on proximal tubules is high in carbohydrate and stains a red-violet color (Fig. 3,  arrows) . Distal tubules, loops of Henle, and collecting ducts are not lined by a dense brush border and do not show this staining. Antibodies directed against Ca++-Mg++ATPase do not react with tubules that are PAS positive along luminal borders. This confirms that the antibodies are not crossreacting to proximal tubule antigens.
Suppression of endogenous peroxidase proved adequate to allow detection of specific staining of erythrocytes in the human spleen (++) relative to negative controls (Fig. 3, i and  j) . No specific staining of human liver, human parathyroid, or human intestine was observed.
Discussion
The monoclonal antibodies used here were raised against the human erythrocyte Ca++-Mg++ATPase pump. Their specificity was demonstrated by their reaction with purified Ca++-Mg++ATPase in an ELISA system and by their staining of the appropriate 1 The data clearly show that antibodies JA7, JA9, and JAI0 did not crossreact with any ofthe tissues tested. These antibodies may be directed against epitopes which do not survive the process of fixation and embedding or which are unusually labile to proteolysis. The positive results obtained with antibodies JA3 and JA8 show that human erythrocytes and human kidney distal tubule cells have an epitope in common that is lacking in other parts of the human kidney, human liver, human parathyroid, and human intestine. The absence of staining in certain tissues seems to be significant, since it is unlikely that the epitope would survive fixation and embedding in such specifically located places and not survive in all other places, including other parts of the same tissue. The absence of staining in other human tissues does not demonstrate the absence of Ca"+ pumps similar to the erythrocyte Ca++-Mg++ATPase pump. The relative concentrations of the Ca"+ pumps, however, may have some influence on their visibility by the techniques used here.
Our data demonstrate that there is a Ca++-MgC+ATPase-like molecule in the basolateral membranes of the cells of the distal convoluted tubule of the human kidney. As hormoneresponsive calcium transport occurs in this segment of the nephron, this finding may be of importance in understanding how peptide hormones such as parathyroid hormone regulate calcium transport in this segment of the nephron. Also note that this segment of the nephron contains vitamin D-dependent calcium binding protein whereas other segments do not. The coexistence of Ca++-Mg++ATPase-like molecules and calcium binding protein in certain nephron segments where hormone-regulated calcium transport occurs, together with our observation that 28-kD calcium binding proteins resemble calmodulin in their biophysical properties, suggests that calcium binding proteins might regulate the activity of the Ca++-Mg++ATPase in this segment of the nephron in a manner analogous to calmodulin (27) . Our observations suggest that the transport of calcium in different nephron segments occurs by different mechanisms. For example, it is possible that a calcium ATPase mechanism predominates in the distal nephron, whereas other mechanisms are operative in the proximal tubule.
The preferential staining of only the distal tubules and not the proximal tubules is consistent with the specialization of transport discussed in the Introduction. The implication that the kidney contains a Ca++-Mg++ATPase pump where hormone-regulated calcium movement is known to occur, is of physiological relevance to the understanding of the mechanism of calcium transport.
